ABSTRACT
INTRODUCTION
Water-based and water-contaminated metalworking fluids (MWF) easily become growth media for microorganisms and their products, such as endotoxins and exotoxins. These organisms may become "normal flora" of the MWF (SHARP 1997) . Microbial growth in MWF sumps has long been recognized as a problem, though mainly because of its effect on metal processing characteristics (Hill 1983; Salmeen et al. 1987; Mattsby-Baltzer et al. 1989 ), rather than on the possible health risks for exposed workers.
Endotoxins, high molecular weight complexes associated with the outer membrane of Gram-negative bacteria, are known to be causative agents of occupationally-related respiratory effects, e.g., chronic bronchitis, abnormal cross-shift declines in pulmonary function, asthma, and other long-term effects (Hill and Al-Zubaidy 1979; Hill 1983; Kennedy et al. 1989; Mattsby-Baltzer et al. 1989a; Gordon 1992; Gordon et al. 1992a; Robins et al. 1997) . Endotoxins are heat stable compounds containing lipid, carbohydrate and protein. They are constantly shed into the environment by living Gram-negative bacteria, and are completely released from bacterial cells undergoing lysis (Pearson 1985) . MWF that have high concentrations of Gram-negative bacteria have been shown to have high concentrations of endotoxin (Bennett 1972; Mattsby-Baltzer et al. 1989; Milton and Johnson 1990; Rossmoore and Rossmoore 1980) . They may be an etiologic agent in the deterioration in respiratory health of workers exposed to MWF (Holdom 1976; Hill and AlZubaidy 1979; Sprince et al., 1997) .
In industries that use MWF, most airborne endotoxin to which workers are exposed is in aerosols generated by high speed machining operations (e.g., drilling, grinding, lathing, sawing, milling) cooled by MWF circulated through a sump. Several studies have found that airborne endotoxin concentrations were strongly correlated with the MWF sump endotoxin concentration and were particularly high when microbial growth in the MWF was excessive (Milton and Johnson 1995; Thorne et al., 1996) .
To prevent adverse health effects related to workers' exposure to endotoxin, it seems prudent to properly manage MWF sumps to control microbial growth. However, to date, there is little data available to indicate what specific conditions lead to the accumulation of endotoxin in MWF sumps. MWF usage patterns, operating characteristics, chemistry, and toxicology are very complex (NIOSH, 1998) . The microbiology of contaminated MWF is similarly complicated, with different organisms dominant at different times, each with a different spectrum of biochemical activity (Hill 1977; Bennett 1972; Bennett 1974; NIOSH 1998) . For these reasons, it has been difficult to identify factors affecting microbial growth and the accumulation of their biological products in MWF.
The object of this study was to measure MWF sump endotoxin concentrations in a sample of small machine shops located in British Columbia, Canada and to identify factors significantly influencing the measured concentrations. Small machine shops like those in this study often differ from those common in large industries (e.g., the automobile industry) in that each machine is supplied with fluid from an independent sump.
METHODS

MWF sump bulk sample collection
This study was conducted in 19 small machine shops that use water-based MWF. A total of 140 machines, all with independent sumps, were studied. One bulk sample of sump MWF was taken from a flowing stream at the cutting points of each machine when the circulation system was in operation. If the system was not in operation, the MWF circulation system was run for at least 10 4 minutes prior to sampling, according to Bennett's (1972) recommendation. The sample was collected in a 50-mL sterile, tissue-culture grade, centrifuge tube (Fisher Scientific cat. #05-538-55).
The temperature of the MWF was measured in the field using a thermometer (model UEI PDT 300, range -40 to 150 ºC). Factors that may have been related to MWF sump endotoxin concentrations were recorded at the time the MWF bulk samples were collected. To determine whether the MWF circulation system could be contaminated by foreign substances, the MWF circulation systems (trenches, lines, pits, sumps, etc.) were checked to determine whether they were in closed systems or covered. The presence of circulation system fittings (e.g., oil skimmers, chip conveyors, filters, chillers, dissolved air float systems) was checked. The type of machine tool (e.g., drill, lathe, grinder), and the type of machining fluid (synthetic or soluble) were recorded. Finally, information on the replacement of old MWF with fresh, topping up MWF losses, biocide use, the operating times of machines, and machine ages was sought from interviews with shop personnel or shop records.
The MWF samples were brought to the laboratory in a refrigerated container. Upon receipt at the laboratory, the pH (Fisher Scientific, Accument pH meter) and MWF concentration (T/C Refractometer, model 104311, Buffalo, New York) were measured.
Assays for tramp oil and endotoxin contamination
The MWF samples (~20 mL) were centrifuged at 3,000 rpm for 15 minutes, separating the bulk samples into up to three parts: a bottom section consisting of the settled suspended solids, the metal working fluid itself above that, and finally, in contaminated fluids only, an upper section of tramp oil. Contamination with tramp oil was determined by visual inspection for separated oil at the top of the sample.
After removing any tramp oil, the supernatant above the solids was transferred to depyrogenated, screw-capped glass vials (Fisher Scientific, cat #03-339-25B) with a sterile, pyrogenfree transfer pipette (Fisher Scientific, and refrigerated until the endotoxin assay was performed. Endotoxins in all samples were analyzed within 4 days. Endotoxin concentrations were measured using the kinetic turbidimetric Limulus Amoebocyte Lysate (LAL) method (Pyrogent-5000, BioWhittaker, Walkersville, MD), using the time of onset protocol. The Pyrogent 5000 reagent was chosen because the lysate is modified to be less reactive to the glucan-sensitive pathway of the Limulus assay. All glassware was made pyrogen-free by baking it at 200 ºC for 1 hr. None of the glassware, pipette tips (Gilson, type Tipac), or microtiter plates (96-well, flat-bottomed, sterile polystylene, Costar, Cambridge, Mass., 3596) had been previously used.
A standard curve was constructed using a stock solution of endotoxin (E. coli O55:B5, lot number 9L 4650, BioWhittaker, Walkersville, MD) made by reconstituting the supplied 50 ng of endotoxin with 3.8 mL of LAL reagent water to produce a concentration of 100 EU/mL (giving a conversion factor of 7.6 EU/ng). This stock solution was shaken vigorously for 15 minutes at high speed on a vortex mixer. A standard curve was constructed using serial dilutions of the stock solution to produce a range of concentrations from 0.1 to 50 EU/mL. The curve showed a strong linear correlation (Pearson r > 0.99) between the log endotoxin concentration and the log mean reaction time.
All samples were vortexed for 30 seconds and diluted by serial dilutions of 1:10 and 1:100 using 900 uL LAL reagent water blanks in depyrogenated 10x75 mm test tubes (Fisher Scientific cat. #14-925C). In each assay, MWF bulk samples were tested for enhancement or inhibition by spiking a sample with a known endotoxin amount. Thus, 10 uL of endotoxin standard (50 EU/mL) was spiked into 100 uL of MWF samples with each dilution factor. This should yield more than 5 EU/mL if there is no inhibition or enhancement from the MWF bulk sample. All spikes within the dilution range assayed were fully recovered. 100 uL volumes of all samples diluted and spiked, and standards were dispensed into the appropriate wells of a 96-well tissue culture microtitre plate (Costar, Fisher Scientific cat. #3594).
The assay plate was incubated at 37 ºC in a plate reader (Thermomax, Molecular Devices Corp., Menlo Park, Calif.) for 15 minutes, after which 100 uL of LAL reagent was added to each well of the microtitre plate. The LAL reagent was reconstituted with 5.2 mL of Pyrogent-5000 LAL Reconstitution buffer reagent (BioWhittaker cat. #N383).
The endotoxin content of the samples was determined by comparison to the standard curve. 
Data analysis
Descriptive statistics were used to summarize both the endotoxin concentrations as well as the shop, machine, and machining fluid characteristics. Some characteristics, including information on topping up or replacing MWF, biocide use, and sump age were not included in statistical analyses because the responses were not sufficiently complete or reliable. The distribution of MWF sump endotoxin concentrations was positively skewed and approximately log-normal, so endotoxin concentrations were log-transformed prior to analysis to improve the efficiency of the model. (Yamanaka 1993) . Note that endotoxin concentrations were not significantly associated with machine tool type, so no alternate basis for grouping was suggested by the data (Tukey's multiple comparison test).
Correlations between the selected independent variables were evaluated to identify potential problems prior to offering to the multiple regression model. Correlations involving at least one continuous variable were tested using Spearman's rho, and between two dichotomous variables using Kendall's tau. The absolute values of all correlation coefficients were less than 0.5, so all of the above variables were considered appropriate for input to a single model.
Multiple linear regression mixed effect analysis was used to model MWF sump endotoxin concentrations while controlling for correlation between repeated measurements within shops. A backwards elimination stepwise regression procedure was used to create the final model. The variables with the highest p-values greater than 0.05 were eliminated one at a time, then the model refitted until all included variables had p-values of 0.05 or less. The strength of the linear relationship among the independent variables and Cook's distance were evaluated to confirm that the assumptions of the final model had not been violated. Descriptive statistics, correlations, t-tests, and simple linear regressions were carried out using SPSS 9.0 Standard Version (SPSS Inc., Chicago, IL) and mixed multiple regression modelling was done using SAS (ProcMixed, SAS Institute Inc., Cary, NC). Table 1 summarizes the characteristics of the metal working machines in the machine shops investigated. Of the machines investigated, 61.4% used soluble, and 38.6 % used synthetic MWF.
RESULTS
General characteristics of machine shops investigated
Straight oils and semi-synthetic MWF were not used in any of the machines examined for this study.
The majority of the machine tools were lathes (36.4 %) and vertical/horizontal mills (43.6 %). The machines were operated independently, each with its own circulation system and sump. MWF maintenance, including refilling or replacement of fresh MWF was usually carried out by individual machine operators. The machine shops in the study were run for a regular workday duration of 8 hours. MWF circulation systems in all sumps were shut down when the machines were not in use.
22.9 % of machines were run intermittently. Although chip conveyors were installed in 28.6 % of sumps, no sumps had MWF circulation systems with devices such as filters, chillers, air-floatation devices, etc. Skimmers that remove floating tramp oil were installed on 20 (14.3 %) of the MWF sumps.
Endotoxin concentrations
The geometric mean (GM) endotoxin concentration of the 140 sumps was 6,791 EU/mL, with a geometric standard deviation (GSD) of 7.53 illustrating the wide variability of endotoxin concentrations. Table 2 summarizes the pH, temperature, tramp oil contamination, and endotoxin concentrations of the sump fluid samples.
The variables that were associated with endotoxin concentration in univariate analyses are shown in Fig. 2 (dichotomous variables only) and Table 3 (dichotomous and continuous variables).
60.7 % of the MWF sumps were contaminated with tramp oils. The GM endotoxin concentration (17,964 EU/mL) in these sumps was significantly higher than in the sumps that were not contaminated with tramp oils (1,567 EU/mL). The GM endotoxin concentration in sumps where contamination of MWF by foreign substances could have occurred was 14,852 EU/mL, significantly higher than that in other sumps (4,582 EU/mL). The average pH of the MWF was 8.16 (range 5.90 to 9.56), lower than the optimum range (8.5-9.5) recommended by SHARP (SHARP 1997) . The GM of endotoxin in sumps where the pH was lower than 8.5 was 13,064 EU/mL, significantly higher than that in sumps with pH higher than 8.5 (2,307 EU/mL). The GM endotoxin concentration was 8,554 EU/mL in sumps using soluble fluids, significantly higher than that of synthetic MWF sump samples (4,698 EU/mL). MWF sumps of grinding machines had GM endotoxin concentrations of 3,164 EU/mL, lower than that of sumps with other machine tool types (7,415 EU/mL), but not statistically significant. Endotoxin concentrations were inversely related to MWF concentration, but the relationship was also not statistically significant. To check for non-linearities in the relationship, we also dichotomized MWF concentration into the optimum range (2.5 to 5%, Bennett, 1974) versus not, but these categories were more poorly associated with endotoxin concentrations (p=0.02, R 2 = 0.0004) than the continuous variable. Increasing temperature of the fluid was significantly associated with increasing endotoxin concentrations.
The following variables were eliminated from further consideration because, in simple regression, they were not associated with sump endotoxin concentration (p>0.25): presence of a tramp oil skimmer, presence of a chip conveyor in the sump, and the frequency of machine operation.
Development of model for predicting MWF sump endotoxin concentrations
Seven variables were selected as potential predictors of MWF sump endotoxin concentration from the simple linear regression analyses (Table 3) ; these were initially offered in the multiple regression analysis. 
DISCUSSION
MWF sump endotoxin concentrations
The MWF sump endotoxin concentration (GM = 6,791 EU/mL; range 1 to 347,000 EU/mL) in this study can be compared to endotoxin concentrations measured elsewhere. Milton and Johnson (1995) reported a range of sump endotoxin concentrations of 13,100 to 124,000 EU/mL in two automotive plants. Woskie et al. (1996) conducted a study in automotive parts manufacturing facilities where machines had independent sump systems and were run intermittently.
The GM MWF sump endotoxin concentration was 39,000 EU/mL.
These comparisons suggest that the endotoxin concentrations in the automotive machining plants were higher than those measured in our small machine shops. The difference may be explained in part by the different nature of the manufacturing processes involved. Automotive plants which had large connected sump systems and high-production manufacturing lines had higher endotoxin concentrations than plants where most machines had their own sump systems, like those in the present study. In addition, differences in production rates, operating times of machines, management of MWF sumps, as well as endotoxin assay methods may have contributed to the differences in endotoxin concentrations among these studies. pH also played a significant role in predicting the MWF sump endotoxin concentration.
A model to predict MWF sump endotoxin concentrations
MWF sumps with pHs lower than 8.5 had higher endotoxin concentrations. Similarly Bennett (1972) found that the tendency for fluid spoilage increased due to the growth of microorganism when pH was between 7 and 9, and much less when fluid pH was between 9 and 9.5. Wort et al. (1976) found that in contaminated MWF, bacteria were usually the dominant microorganisms, and MWF pH could be expected to fall because of acidic metabolic products resulting from bacterial overgrowth (Hill 1977; NIOSH 1998) . This suggests that low pH may be a result, rather than a cause, of bacterial growth and increased endotoxin levels.
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MWF temperature was also a significant predictor of MWF sump endotoxin concentration.
Others have identified that MWF temperature can influence the viability of Gram-negative bacteria (Bennett et al. 1972; Wathes et al. 1986; Mattsby-Baltzer et al. 1989 ). Bennett (1974) found that temperatures above 36 o C can decrease bacterial growth and favor fungal growth, the development of musty odors, and the generation of sulfides. In the fluid temperature range in our study (11.1 o C to 31.8 o C), increased temperature contributed to increased MWF sump endotoxin levels.
These results suggest that measurements of pH and temperature might be used as convenient indicators of potential bacterial overgrowth and the accumulation of endotoxin (SHARP, 1997).
The use of soluble MWF resulted in higher endotoxin concentrations than synthetic fluids.
Others have found results which support ours. Mattsby-Baltzer et al. (1989) reported that the total bacterial count in a tank containing soluble MWF was higher than that in a tank containing synthetic MWF. Petroleum-based MWF, including soluble fluids, are susceptible to bacterial degradation; synthetic MWF has been reported to be susceptible to degradation by coliform bacteria and fungi (Bennett 1972; Bennett 1974; Rossmoore et al. 1974) . These findings may be explained by the difference between the ratio of oil to water (Bennett 1972; Bennett 1974) , and the chemical components (petroleum base oil, petroleum sulfonates, and fatty acids) used as a carbon source (Foxall-Vanaken et al. 1986 ). Soluble MWF typically have a combination of 35-85 % severely refined petroleum base oils, emulsifiers, and water (SHARP 1997) . On the other hand, synthetic MWFs contain no petroleum base oils (NIOSH 1998) and tend to reject tramp oils because they lack emulsifiers (SHARP 1997).
The possibility of contamination of MWF by foreign substances was found to be a significant variable in a model that ignored within-shop correlation, but was removed from the final model that controlled for within-shop correlation. Since this variable was based on observation of the potential for contamination, based on the presence of sump covers, etc., it was not likely to have the same power as a direct measurement of contamination. It has been reported that contamination of MWF by foreign substances such as soil, food, water (NIOSH 1998), the intestinal tracts, respiratory tracts, and skins of animals (Bennett, 1972) due to improper maintenance or enclosure of MWF circulation systems could cause changes to MWF which may contribute to a favorable environment for microbial overgrowth (NIOSH, 1998) .
The type of machine tool (i.e., grinder or not) was not associated with MWF sump endotoxin concentration in the final model. This result is not consistent with the suggestion that microbial concentrations in MWF and biosusceptibility may vary depending on the system in question and the type of operation (Rossmoore 1981; Rossmoore and Rossmoore 1996) .
Because microbial growth can cause chemical breakdown of MWF and release byproducts such as endotoxins (NIOSH, 1998) and bio-resistance is related to the concentration of fluids (Rossmoore and Rossmoore 1996) , MWF concentration may be suspected to be related to MWF sump endotoxin concentration. However, MWF concentration was not found to be a predictor in the final model in this study.
Factors related to the replacement of old MWF with fresh, or topping up lost fluid are often considered to be among the most important factors influencing microbial growth (Hill 1977; Mattsby-Baltzer et al. 1989; NIOSH 1998) . Although we attempted to investigate this issue in our study, we could not because of the difficulty of obtaining reliable data. 61% of the machine shops kept no record of the time of MWF change or the amount of MWF replaced or refilled. There were no shops that followed MWF replacement guides which suggest that the entire circulating system and sump should be completely cleaned and disinfected before fresh MWF is introduced (SHARP 1997; NIOSH 1998) . Worse, 6 % of the sumps examined in this study had never been cleaned or had MWF completely replaced. Interestingly, Woskie et al. (1996) were able to investigate this issue, but found that pH, tramp oil concentration and endotoxin concentrations were not affected by how recently soluble sump fluids were changed (<4 days, 4-21 days, >21 days).
It has been reported that biocides used to kill bacteria can result in the release of large quantities of endotoxin due to cell lysis, despite reductions in the numbers of viable cells (NIOSH, 1998) . In our study, we attempted to obtain data about biocide use, but most of the participating shops were unable to provide information on the extent, timing, or sometimes even the use of biocides in their machining fluids.
CONCLUSIONS
Our results indicate that contamination of MWF with tramp oil, decreased MWF pH, increased MWF temperature, and soluble fluids were related to increased sump endotoxin concentrations. For cost-effective sump management, maintenance or monitoring of these factors should be prioritized. Thus, MWF sump endotoxin could be reduced by preventing contamination of MWF with tramp oil, and by using synthetic fluids. MWF pH and temperature could be used as convenient monitoring tools because these factors are related to bacterial overgrowth and endotoxin concentration. In addition, we found that endotoxin concentrations were correlated within shops even though the machines had separate fluid sumps, suggesting that once the fluid in one sump in a shop is contaminated, the fluid in all sumps may need to be changed.
Further study is needed to describe how factors that could not be examined in this study, such as production rate, sump change or refill frequency, biocide use, and industry type, affect MWF sump endotoxin concentrations. 
